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Gammaherpesvirus infection drives age-associated B
cells toward pathogenicity in EAE and MS
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While age-associated B cells (ABCs) are known to expand and persist following viral infection and during auto-
immunity, their interactions are yet to be studied together in these contexts. Here, we directly compared
CD11c+T-bet+ ABCs using models of Epstein-Barr virus (EBV), gammaherpesvirus 68 (γHV68), multiple sclerosis
(MS), and experimental autoimmune encephalomyelitis (EAE), and found that each drives the ABC population to
opposing phenotypes. EBV infection has long been implicated in MS, and we have previously shown that latent
γHV68 infection exacerbates EAE. Here, we demonstrate that ABCs are required for γHV68-enhanced disease. We
then show that the circulating ABC population is expanded and phenotypically altered in people with relapsing
MS. In this study, we show that viral infection and autoimmunity differentially affect the phenotype of ABCs in
humans and mice, and we identify ABCs as functional mediators of viral-enhanced autoimmunity.
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INTRODUCTION
Age-associated B cells (ABCs), also referred to as atypical B cells, are
a unique subset of B cells found in humans and mice. They have
been identified and characterized independently in the contexts
of female aging, viral infection, and autoimmunity (1–3). In life,
these are overlapping and intertwined occurrences. ABCs, defined
by high expression of CD11c and T-bet and low expression of
CD21, are primarily found in the spleen and secrete antiviral anti-
bodies, autoantibodies, and cytokines and act as antigen-presenting
cells (APCs) (1, 4, 5). The number of ABCs increases with age, par-
ticularly in females (3, 6–10). ABC numbers are also increased in
people with autoimmune diseases, including systemic lupus erythe-
matosus (SLE), rheumatoid arthritis (RA), and multiple sclerosis
(MS), and in a subset of people with common variable immunode-
ficiency that display autoimmune complications (3, 6, 7, 9–13). In a
mouse model of SLE, knocking out T-bet specifically in B cells
impairs the development of germinal centers, decreases autoanti-
body levels, and dampens kidney damage and mortality (14).
ABCs have been shown to produce the proinflammatory cytokines
interferon-γ (IFNγ) and tumor necrosis factor–α (TNFα) as well as
the regulatory cytokine interleukin-10 (IL-10) in autoimmune con-
texts (4, 15). ABCs also expand in an array of viral infections includ-
ing lymphocytic choriomeningitis virus (LCMV), murine
cytomegalovirus (MCMV), gammaherpesvirus68 (γHV68), vaccin-
ia, HIV, influenza, hepatitis C, and rhinovirus (2, 16–23). ABCs
have primarily been examined separately in the contexts of viral in-
fection and autoimmunity. Given the distinct pathologies of viral
infections and autoimmunity, we would expect that ABCs would
take on distinct phenotypes and functional capacities depending
on the nature of the immune stimulus. Recently, ABCs in people
with HIV and SLE were shown to have similar but not completely

overlapping transcriptional profiles (24). The phenotypic and func-
tional characteristics of ABCs between disease states deserve further
investigation. To our knowledge, ABCs have yet to be examined in
the in vivo MS model experimental autoimmune encephalomyelitis
(EAE), although ABC differentiation depends on T-bet, a transcrip-
tion factor that is essential for EAE (25). The functional capacities of
ABCs and their contribution(s) to MS and EAE are not well under-
stood. Here, we do a side-by-side comparison of the ABC popula-
tion in the contexts of viral infection and autoimmunity in both
mice and humans to ascertain the specific interactions driven by
these two processes and their relative roles in disease progression.
Specifically, we examine the role of ABCs as mediators between
gammaherpesvirus infection and MS/EAE.

Epstein-Barr virus (EBV) is a highly prevalent human gamma-
herpesvirus that establishes latency in B cells. EBV infects more than
90% of the adult population and is considered a causative agent of
MS (26). The association between EBV and autoimmune disease
was first demonstrated in 1979 when it was reported that peripheral
blood lymphocytes from MS patients have an increased tendency to
transform in vitro in response to EBV (27). Epidemiological find-
ings support the association between EBV and MS; EBV is present
in nearly 100% of people with MS, and seronegativity protects from
disease (28–30). There is geographic overlap of infectious mononu-
cleosis (IM), an immune system–driven syndrome usually caused
by EBV, and MS (31), and a history of IM increases risk of develop-
ing MS (32, 33). A recent paper used U.S. military records of more
than 10 million young adults to demonstrate that EBV infection
precedes MS development and that EBV infection, but not other
viral infections, increases the risk of MS development 32-fold
(34). There is also robust clinical evidence for EBV’s contribution
toMS. People withMS have higher titers of EBV-specific antibodies
than healthy individuals (35), which correlate with disease activity
(36), anti-EBV titers in the cerebrospinal fluid are elevated in those
with MS (37), and T cells in people with MS display aberrant re-
sponses to EBV (38). Further work has demonstrated that EBV’s as-
sociation with autoimmune disease extends to SLE and RA (39–44).
The precise mechanism of EBV’s contribution toMS is incomplete-
ly understood, although multiple possible mechanisms have been

1Centre for Inflammation Research, University of Edinburgh, Edinburgh, UK.
2Department of Microbiology and Immunology, University of British Columbia,
Vancouver, British Columbia, Canada. 3Department of Medicine, University of
Calgary, Calgary, Alberta, Canada. 4Fraser Health Multiple Sclerosis Clinic,
Burnaby, British Columbia, Canada. 5Division of Neurology, Department of Medi-
cine, University of British Columbia, Vancouver, British Columbia, Canada.
*Corresponding author. Email: mhorwitz@mail.ubc.ca

Mouat et al., Sci. Adv. 8, eade6844 (2022) 25 November 2022 1 of 14

SC I ENCE ADVANCES | R E S EARCH ART I C L E



proposed, including EBV infection of autoreactive B cells, molecu-
lar mimicry, bystander activation of autoreactive cells, EBV-infected
B cell invasion of the central nervous system (CNS) and activation of
human endogenous retrovirus-W, and EBV-induced cytokine re-
sponse (45, 46).

Our group has previously demonstrated that infection with
latent γHV68, a murine model of EBV (47), exacerbates myelin ol-
igodendrocyte glycoprotein peptide (MOG35–55)–induced EAE in
C57BL/6(J) mice, provoking pathology more reminiscent of MS
than in uninfected EAE mice (48). Mice latently infected with
γHV68 display an earlier and more severe EAE clinical course
with increased demyelination, although without viral reactivation
or CNS infection. Latent γHV68-infected EAE mice have a height-
ened peripheral CD8 T cell response and develop CNS lesions com-
posed of both CD4+ and CD8+ T cells, with a proportion of
infiltrating CD8+ T cells specific for γHV68. Disease enhancement
is dependent on the development of latency and is specific to
γHV68; other viral infections, including LCMV and MCMV, do
not lead to EAE enhancement (49). This γHV68-EAE model is a
valuable model of the relationship between EBV and MS, and
here, we demonstrate that the specific induction of ABCs is required
for the latent γHV68-mediated enhancement of EAE. We propose
that alteration of the ABC population due to gammaherpesvirus in-
fection is a mechanism by which viral infection contributes to the
development and progression of autoimmune disease.

RESULTS
γHV68 infection and EAE induction expand ABC
populations
To determine whether ABCs are differentially affected by gamma-
herpesvirus infection in an in vivo model of MS, we examined the
proportion of ABCs following latent γHV68 infection and EAE in-
duction. We examined the relative proportions of ABCs in C57BL/
6(J) mice mock-infected (naïve), infected with γHV68 for 35 days
(γHV68), or induced for EAE with MOG35–55 (EAE). We also ex-
amined ABCs in the γHV68-EAE model, wherein mice were infect-
ed with γHV68 for 35 days and subsequently induced for MOG35–55
EAE (γHV68-EAE). Spleens, brains, spinal cords, and cervical
lymph nodes (CLNs) were collected and processed for flow cytom-
etry (fig. S1A). We asked whether the abundance of ABCs in the
spleen changes with γHV68 infection, with EAE induction, or in
γHV68-EAE mice, and whether ABCs are found at the site of
disease, the CNS, or draining CLNs during EAE.

Unexpectedly, we observed increased proportions of ABCs in
females compared to males following both γHV68 infection and
EAE induction. While γHV68 infection increases the relative pro-
portion of ABCs among immunoglobulin D–negative (IgD−) B cells
in the spleen of both male and female mice, induction of EAE in-
creases the proportion of ABCs only in females (Fig. 1, A and B).
During γHV68-EAE, the proportion of ABCs is increased com-
pared to naïve mice in both females and males (Fig. 1, A and B).
The proportion of ABCs is increased in females as compared to
males in γHV68, EAE, and γHV68-EAE mice, although there is
no initial sex bias observed in naïve mice (Fig. 1, C to F). We did
not observe a difference in T-bet expression in splenic ABCs
between groups (fig. S1B). Total numbers of ABCs in the spleen
also display a sex bias, with increased numbers in females compared
to males during EAE and γHV68-EAE (fig. S1C). The female sex

bias observed is a surprise because a sex bias has not been observed
in MOG35–55 EAE in C57BL/6 mice previously (50, 51), nor has a
sex difference been reported in γHV68 infection.

We asked whether γHV68 infection or EAE leads to changes in
ABC numbers within the CNS, the site of disease during EAE. Not
surprisingly, in naïve and γHV68-infected mice, without EAE in-
duction, we did not observe increased numbers of ABCs in the
brain or spinal cord, consistent with low overall presence of
immune cells in the non-EAE CNS (Fig. 1, G and H). However,
EAE induction increased the number of ABCs in the brain and
spinal cord in both uninfected and γHV68-infected mice (Fig. 1,
G and H). We also observed a trend toward increased proportions
of ABCs in the CLNs during EAE and γHV68-EAE (fig. S1D). We
found that ABCs constitute a lower proportion of total leukocytes in
the brain, spinal cord, and CLNs compared to the spleen (fig. S1E).
The precise localization of the CNS-infiltrating ABCs is not known,
and whether they localize in the meninges or parenchyma or asso-
ciate with lesions or ectopic lymphoid structures could give insight
into their role within the CNS during disease. However, the low
numbers of ABCs occurring in the CNS will likely pose technical
challenges. Unlike in the spleen, we did not observe a difference
in the number of ABCs within the CNS between males and
females (Fig. 1, I and J).

These findings demonstrate that ABCs display a sex bias in the
contexts of viral infection and autoimmunity and support previous
findings that ABCs are largely resident in the spleen. To further in-
vestigate the role(s) of ABCs in viral infection and autoimmunity,
we next examined the phenotype of ABCs in these different
contexts.

γHV68 infection and EAE differentially affect the ABC
phenotype
Previous reports have demonstrated that ABCs display a unique
phenotype from other B cell populations (1). To examine the
ABC phenotype in comparison to non-ABC B cells during
γHV68 infection and EAE, we performed flow cytometry on
ABCs (CD11c+T-bet+) and non-ABCs (CD11c−T-bet+) in the
spleen (Fig. 2A). In line with previous findings, we observed that
ABCs displayed a distinct phenotype from non-ABCs in naïve
mice and during γHV68, EAE, and γHV68-EAE (Fig. 2B). In par-
ticular, ABCs displayed up-regulated expression of various cyto-
kines, including IFNγ, TNFα, IL-17A, and IL-10, compared to
non-ABCs (Fig. 2B). However, not all cytokines were up-regulated
on ABCs; the percentage of ABCs expressing IL-6 and granulocyte-
macrophage colony-stimulating factor (GM-CSF) was comparable
to non-ABC B cells and ABCs expressed less BAFF than non-ABCs
(fig. S2, A to C), aligning with previous findings that ABCs do not
require BAFF stimulation for persistence (1). In addition, various
markers previously associated with ABCs displayed increased ex-
pression, including CD27, PD1, IDO and Fas, and CTLA4 and
PDL1 expression increased on ABCs compared to non-ABCs only
during γHV68 infection (Fig. 2B, fig. S2, and table S1).

Although ABCs are implicated in both viral infection and auto-
immunity, to our knowledge, the ABC phenotype has not been di-
rectly compared in these two instances. To compare how γHV68
infection and EAE induction influence the ABC phenotype, we ex-
amined extracellular and intracellular markers on splenic ABCs
from EAE mice with and without previous γHV68 infection. Pre-
liminary analysis found no significant differences in the ABC
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phenotype between females and males, although a trend toward
altered PDL1 expression in males warrants further investigation
(fig. S3, A to C). For the purposes of this study, we focused our anal-
ysis on female mice.

We found that γHV68 infection and EAE induction each drive
differential ABC phenotypes that are distinct from one another and
from the ABC phenotype of naïve mice. Specifically, γHV68 infec-
tion led to an increase in the proportion of ABCs expressing IFNγ
and TNFα, and a decrease in ABCs expressing IL-17A (Fig. 2, C and
D). In contrast, EAE results in an increased proportion of ABCs ex-
pressing IL-17A and IL-10, and no change in IFNγ or TNFα, com-
pared to ABCs in naïvemice (Fig. 2, C andD). Furthermore, γHV68
infection results in significantly fewer ABCs expressing the

inhibitory receptors CTLA4, PDL1, and IDO, while EAE increases
the proportion of ABCs expressing CTLA4, PD1, and PDL1 (Fig. 2E
and fig. S3). The proportion of ABCs expressing Fas appeared un-
changed by γHV68 infection or EAE (Fig. 2E and fig. S3). γHV68
infection increased the proportion of ABCs expressing CD27, while
EAE did not (Fig. 2E and fig. S3).

We also asked how γHV68 infection before EAE induction
affects the phenotype of ABCs. We observed that previous latent in-
fection with γHV68 drives ABCs toward a T helper 1 (TH1) pheno-
type during EAE. In particular, ABCs in γHV68-EAE mice
displayed increased IFNγ positivity compared to those from EAE
mice (Fig. 2, C to E). These results suggest that ABCs take on a reg-
ulatory-like phenotype during EAE, with elevated expression of IL-

Fig. 1. ABCs are expanded in a sex-biased manner during γHV68 infection and EAE. C57BL/6(J) mice were infected with γHV68 for 35 days to establish latency
(γHV68, green triangles) or mock-infected with blank medium (naïve, black circles). In some mice, MOG35–55 EAE was induced 35 days after mock infection (EAE, blue
squares) or initial virus infection (γHV68 EAE, orange diamonds). At 35 days post-infection (p.i.) or 13 days after EAE induction, spleens, brains, and spinal cords were
collected and processed for flow cytometry. (A and B) Proportion of ABCs (CD11c+T-bet+) of previously activated B cells (CD19+IgD−) in the spleen of females (filled
symbols) and males (open symbols). (C to F) Proportion of ABCs (CD11c+T-bet+) of previously activated B cells (CD19+IgD−) in the spleen of females (F) and males (M).
Data are repeated from (A) and (B) in (C) to (F) for better visualization and comparison of sex differences. (G and H) Number of ABCs in the brain (G) and spinal cord (H),
data from both male and female mice. (I and J) Number of ABCs in the brain (I) and spinal cord (J) of inducedmice, separated by males (M) and females (F). Data repeated
from (G) and (H) with sex are indicated. (A to F) Data pooled across nine experiments; n = 16 to 29mice per group. (G to J) Data pooled across five experiments; n = 9 to 41
mice per group. Data are presented asmeans ± SEM, analyzed by one-way analysis of variance (ANOVA; A and B), Mann-Whitney (C to F, I, and J), or Kruskal-Wallis (G and H)
test; ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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10 and inhibitory receptors, that is dampened in the presence of
latent γHV68 infection, as ABCs in γHV68-EAE mice did not
display the same increases in IL-10, PD1, or CTLA4 compared to
naïve mice that are observed in EAEmice (Fig. 2, D and E). Analysis
of a subset of extracellular markers demonstrates that a similar ABC
phenotype is maintained between the brain and the spleen during
EAE and γHV68-EAE (fig. S3). Insufficient numbers of ABCs pre-
cluded analysis of phenotypic markers in the spinal cord and CLNs.

Next, we analyzed the relationship between the number of ABCs
in the spleen and the clinical disease score in EAE and γHV68-EAE
mice.We observed that the number of ABCs in EAEmice negatively
correlates with end point clinical score (Fig. 2F), indicating that
ABCs might be contributing in a protective manner to disease. Al-
ternately, there was no relationship between the number of ABCs
and clinical score in γHV68-EAE mice (Fig. 2F). Therefore, we
predict that ABCs are more pathogenic during γHV68-EAE com-
pared to EAE. Together, these results highlight that γHV68 infec-
tion and EAE induction drive ABCs to take on unique phenotypes.

ABC functional capacities differ during γHV68 infection
and EAE
ABCs are known to display functional capacities in addition to the
secretion of cytokines, including the production of antiviral anti-
bodies or autoantibodies and interactions with T cells. To investi-
gate the functional capacities of ABCs during γHV68 infection and
EAE, we used mice with a B cell–specific T-bet deletion (14) that
lack ABCs. Female Tbx21fl/flCd19+/+ (Ctrl) and Tbx21fl/flCd19cre/+
[knockout (KO)] mice were mock-infected or infected with
γHV68 for 35 days and induced for MOG35–55 EAE. We observed
a significant loss of ABCs in KO compared to Ctrl littermate con-
trols (Fig. 3A and fig. S4A) and confirmed that T-bet deficiency in B
cells does not alter the proportions of additional B cell subsets apart
from ABCs, including germinal center B cells, plasmablasts, and
non–class-switched B cells (fig. S4, B to D).

ABCs are major producers of antiviral antibodies and autoanti-
bodies and are largely class-switched to IgG2a/c (2, 14, 52, 53). To
investigate ABC production of antibody during γHV68 infection
and EAE, we analyzed the sera from mice with or without ABCs
for IgG2c antibodies specific to γHV68 and MOG35–55. We ob-
served that the anti-γHV68 IgG2c titer in KO mice is significantly
decreased compared to Ctrl mice in both γHV68 and γHV68-EAE
mice (Fig. 3B). These results are in accordance with previous find-
ings that report a loss of virus-specific antibody in the absence of
ABCs (2, 52, 54). We then examined anti-MOG35–55 IgG2c titers
and, unexpectedly, did not observe differences between Ctrl and
KO mice during EAE and γHV68-EAE (Fig. 3C). These results in-
dicate that while ABCs are major producers of antiviral antibodies
in the context of latent γHV68 infection, they do not contribute
substantially to the anti-MOG35–55 antibody response during EAE.

We speculated that ABCs could affect disease via skewing of T
cell responses during autoimmunity, so we next examined the pro-
portion of T cells and their expression of cytokines in the spleens of
Ctrl and KO EAE and γHV68-EAE mice. We observed no differ-
ence in the proportions of CD8 or CD4 T cells in the spleen
between Ctrl and KO mice during EAE or γHV68-EAE (fig. S5,
A and B). Regulatory T cells displayed an increasing trend in KO
mice in both EAE and γHV68-EAE mice, indicating that ABCs
may dampen the regulatory T cell population during autoimmunity
(Fig. 3D). To examine the skewing of peripheral T cells, we

Fig. 2. γHV68 infection and EAE drive differential ABC phenotypes. Female
C57BL/6(J) mice were mock-infected (naïve, black circles) or infected with γHV68
for 35 days (γHV68, green triangles). In some mice, MOG35–55 EAE was induced 35
days after mock infection (EAE, blue squares) or γHV68 infection (γHV68 EAE,
orange diamonds). At 35 days p.i. or 13 days after EAE induction, spleens were col-
lected and processed for flow cytometry. (A) Flow plots of ABCs (CD19+CD11c+T-
bet+) and non-ABCs (CD19+CD11c−T-bet+), previously gated on CD19+IgD− live
lymphocytes in the spleen. Representative sample alongside fluorescence-minus
one (FMO) controls that lack either CD11c or T-bet staining. (B) Histogram plots of
representative samples, previously gated on CD19+CD11c+T-bet+ ABCs (area filled
lines) or CD19+CD11c−T-bet+ non-ABCs (empty lines) in the spleen, showing the
modal expression of various markers. (C) Representative flow plots of expression of
IFNγ and IL-17A on CD19+CD11c+T-bet+ ABCs in the spleen. Files were concatenat-
ed from samples from the same treatment group. (D) Percent of splenic ABCs
(CD19+CD11c+T-bet+) that are positive for IFNγ, IL-17A, IL-10, TNFα, PD1, and
CTLA4. (E) Heatmap representing changes in the frequency of the ABC population
expressing givenmarkers compared relative to naïve controls. (F) Linear regression
of clinical scores versus number of splenic ABCs. Data are pooled across two to
three experiments; n = 9 to 18 mice per group. Data are presented as
means ± SD (C) or SEM (D), analyzed by Mann-Whitney test (B), one-way ANOVA
with multiple comparisons (D), and simple linear regression with slope and 95%
confidence interval plotted (F); ****P < 0.0001, ***P < 0.001, **P < 0.01,
and *P < 0.05.
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stimulated splenocytes with phorbol 12-myristate 13-acetate
(PMA)/ionomycin and examined the expression of IFNγ, IL-17A,
and GM-CSF by flow cytometry. We observed that skewing of T
cells is altered in KO mice during γHV68-EAE. Ctrl mice display
increased IFNγ-expressing CD8 and CD4 T cells in the spleen in
γHV68-EAE compared to EAE; however, this increase is not ob-
served in KO mice (Fig. 3, E and F). In addition, significantly

fewer CD4 T cells express IL-17A in KO mice during γHV68-
EAE compared to Ctrl mice (Fig. 3G). No differences in the propor-
tion of CD4 T cells expressing GM-CSF were observed between any
of the groups (Fig. 3H). In contrast to γHV68-EAE mice, there were
no changes in splenic T cell skewing during EAE between Ctrl and
KO mice (Fig. 3, E to H, and fig. S5C). The decrease in proportions
of T cells expressing IFNγ and IL-17A in KO mice during γHV68-

Fig. 3. ABC KO mice demonstrate different
functional capacities during EAE and γHV68
infection. Female Tbx21fl/flCd19cre/+ (KO, open
symbols) and Tbx21fl/flCd19+/+ (Ctrl, filled
symbols) mice were infected with γHV68 or
mock-infected for 35 days and then induced for
MOG35–55 EAE. At days 13 to 18 after EAE in-
duction, blood, spleens, brains, and spinal cords
were collected. Spleens, brains, and spinal cords
were processed for flow cytometry, and serum
was collected from blood. (A) Percent ABCs
(CD11c+T-bet+) of previously activated B cells
(CD19+IgD−) in the spleen of Ctrl and KO mice
(n = 3 to 7 per group). (B and C) Optical density
(y axis) reflecting titers (x axis; dilution of serum)
of anti-MOG35–55 (B) or anti-γHV68 (C) IgG2c
antibodies in Ctrl and KOmice, separated by EAE
and γHV68 EAE mice; n = 3 to 6 mice per group.
(D) Percent of live cells in the spleen that are
CD4+FoxP3+. (E to H) Splenocytes from Ctrl and
KO mice stimulated with PMA/ionomycin.
Percent IFNγ+ of CD3+CD8+ (E) and CD3+CD4+

(F), and percent CD4+ T cells expressing IL-17A
(G) and GM-CSF (H) are reported. (I to K) Sple-
nocytes from Ctrl and KO mice stimulated with
MOG35–55 peptide. Percent CD4+ T cells ex-
pressing IFNγ (I), IL-17A (J), or GM-CSF (K) fol-
lowing MOG stimulation. (L) Proportion of
CD44+MOG-specific CD4+ T cells in the spleen of
Ctrl and KO mice. (M and N) Splenocytes from
Ctrl and KO mice stimulated with MOG peptide
(M) or PMA (N) and the proportion of CD4+-

CD44+MOG+ or CD4+CD44+MOG− cells ex-
pressing IFNγ. Data are presented as
means ± SEM. Analyzed by Mann-Whitney test
(A), two-way ANOVA (B, C, M, and N), or one-way
ANOVA with multiple comparisons (D to L);
****P < 0.0001, ***P < 0.001, **P < 0.01,
and *P < 0.05.
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EAE likely indicates that, without ABCs, the peripheral immune re-
sponse might shift away from a pathogenic state. These results in-
dicate that ABCs affect T cell skewing in the spleen during γHV68-
EAE, though not during EAE.

To better understand the specificity of the T cell response during
autoimmunity, we stimulated splenocytes with MOG peptide to
compare the MOG-specific and nonspecific response. We observed
that the increased expression of IFNγ on CD4 T cells during γHV68-
EAE in Ctrl mice observed following PMA stimulation was not
present under the MOG-stimulated conditions (Fig. 3, I and J). In
addition, the decrease in IFNγ and IL-17A expression on CD4 T
cells in KO γHV68-EAE mice compared to Ctrl was not observed
under the MOG-stimulated conditions (Fig. 3, I and J). These data
indicate that ABCs do not drive IFNγ expression of MOG-specific
T cells but do affect its expression in non–MOG-specific T cells,
some of which are likely γHV68 specific. Intriguingly, we observed
an increase in GM-CSF expression by CD4 T cells in KO γHV68-
EAE compared to KO EAE mice with MOG stimulation (Fig. 3K),
which was not observed under the PMA-stimulated conditions
(Fig. 3H), which highlights the possibility that GM-CSF production
by CD4 T cells is a MOG-specific response that is affected by infec-
tion. As expression is unchanged between Ctrl and KO mice during
EAE or γHV68-EAE (Fig. 3, H and K), it appears that GM-CSF ex-
pression by CD4 T cells is not dictated by the presence of ABCs.

Next, we examined MOG-specific CD44+ CD4 T cells by stimu-
lating splenocytes ex vivo with MOG (fig. S5D), as ABCs have

previously been shown to be capable antigen presenters (5). We ob-
served no difference in the proportion of MOG-specific CD44+
CD4 T cells between Ctrl and KO mice during EAE or γHV68-
EAE (Fig. 3L). This finding indicates that, in the context EAE,
ABCs do not appear to be acting as MOG35–55 APCs. We have
also previously shown no difference in CD8 T cells specific to
γHV68 during latent infection between Ctrl and KO mice (55).

We then examined the production of IFNγ by MOG tetramer–
positive versus MOG tetramer–negative CD4 T cells in Ctrl and KO
mice during EAE and γHV68-EAE. Following stimulation with
MOG35–55, activated MOG tetramer–positive cells express compa-
rable or elevated levels of IFNγ than activated MOG tetramer–neg-
ative CD4 T cells during EAE and γHV68-EAE (Fig. 3M). However,
when stimulated nonspecifically with PMA, MOG tetramer–nega-
tive CD4 T cells express more IFNγ than MOG-specific CD4 T cells
under all conditions (Fig. 3N). MOG tetramer–negative cells from
γHV68-EAE mice express significantly more IFNγ than those from
mice with EAE only (Fig. 3N). This increase in IFNγ is not main-
tained in the MOG tetramer–positive population (Fig. 3N). These
data suggest that the overall increase in IFNγ production by CD4 T
cells in γHV68-EAE (Fig. 3F) is due to cells that are not MOG spe-
cific but, rather, are likely specific to γHV68.

Together, these findings highlight the heterogeneity of the ABC
response to virus versus self-peptide antigen. ABCs produce anti-
γHV68 antibodies but are not major producers of anti-MOG anti-
bodies. In addition, these results indicate that ABCs do not appear

Fig. 4. EAE disease course is altered in ABC KO mice. Female Tbx21fl/flCd19cre/+ (KO, open symbols) and Tbx21fl/flCd19+/+ (Ctrl, filled symbols) mice were infected with
γHV68 ormock-infected for 35 days and then induced for MOG35–55 EAE and clinically monitored for 18 days. (A) EAE clinical scores; n = 5 to 9 per group. (B) Day of clinical
symptom onset after induction. (C) Cumulative scores and (D) end point scores at day 18 after EAE induction. (E and F) Number of CD45hi cells in the spinal cord (E) and
brain (F). Data were analyzed by (A) two-way ANOVA with multiple comparisons or (B to F) one-way ANOVA with multiple comparisons. Data are pooled across three
independent experiments, presented as means ± SD (A) or means ± SEM (B to F); ****P < 0.0001, ***P < 0.001, **P < 0.01, and *P < 0.05.
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to influence MOG-specific T cells, although ABCs do dictate IFNγ
and IL-17A expression on non–MOG-specific CD4 T cells. These
results demonstrate that ABCs take on not only different pheno-
types but also functional capacities during γHV68 infection
and EAE.

ABCs are protective in EAE and pathogenic in γHV68-EAE
Next, we sought to determine whether ABCs contribute to the EAE
or γHV68-EAE clinical disease course. Previously, our laboratory
has shown that latent γHV68 infection before disease induction
results in an exacerbated clinical course, with a TH1 skewed
immune response and increased CD8 T cell infiltration to the
CNS (48). To investigate the role of ABCs in disease, we induced
EAE, with or without latent γHV68 infection, in ABC KO and
Ctrl mice, and examined the clinical course. Mice were monitored
daily after EAE induction, blinded to genotype, and measured on a
five-point scale as previously described (48). Notably, we observed
that MOG35–55 EAE induction of mice lacking ABCs had the oppo-
site effect on the clinical course in EAE and γHV68-EAE. Specifi-
cally, during EAE, KOmice developedmore severe disease than Ctrl
mice, while in γHV68-EAE, the disease course was less severe than
Ctrl mice (Fig. 4A). During EAE, KO mice displayed an earlier day
of onset and higher cumulative and end point scores than Ctrl mice
(Fig. 4, B to D). In contrast, γHV68-EAE KOmice displayed a lower
end point score (Fig. 4D). These results indicate that ABCs contrib-
ute protectively in EAE and pathogenically in γHV68-EAE and
align with our previous observations that ABCs display amore path-
ogenic phenotype in γHV68-EAE compared to EAE. In addition,
while Ctrl γHV68-EAE mice displayed an exacerbated disease
course compared to EAE alone, KO mice did not display exacerba-
tion, thereby demonstrating that ABCs are required for γHV68-me-
diated enhancement of EAE.

In EAEmice, we observed significant differences in CNS leukocyte
infiltration. KO mice induced for EAE displayed increased numbers
of leukocytes infiltrating the spinal cord, where disease predominates,
compared to Ctrl (Fig. 4E). This indicates that ABCs in EAE mice

could possibly be influencing CNS leukocyte homing or blood-
brain barrier integrity (Fig. 4, E and F). There was no significant dif-
ference in abundance of CNS-infiltrating leukocytes in γHV68-EAE,
indicating that ABCs are influencing disease through a different
mechanism. ABC deficiency did not result in significant differences
in the numbers of CD8, CD4, or regulatory T cells infiltrating theCNS
during EAE or γHV68-EAE (fig. S6, A to F). These results require
further analysis to understand the cell populations that are infiltrating
the CNS in KO mice during EAE.

Previous work has shown that specifically deleting T-bet from B
cells leads to an inability of mice to control chronic LCMV infection
(2, 52). To test the impact of knocking out ABCs on viral load, we
performed quantitative polymerase chain reaction analysis and ob-
served an increased quantity of γHV68 in the spleens of KO mice
compared to Ctrl during γHV68-EAE (fig. S6G). The ability of
ABCs to control γHV68 infection and the impact on the clinical
course of disease warrants further investigation.

Together, these findings demonstrate that ABCs opposingly in-
fluence EAE and γHV68-EAE disease course, thus indicating that
ABCs contribute protectively to EAE and pathogenically to
γHV68-EAE. The precise mechanisms by which ABCs affect T
cell skewing and lymphocyte migration to and infiltration of the
CNS warrant further investigation.

EBV serostatus and relapsing MS diagnosis alter the
circulating ABC population
To confirm translatability of in vivo findings to people with MS, we
compared the ABC population frequency and phenotype in individ-
uals with and without a history of EBV infection and relapse-remit-
ting MS (RRMS). Peripheral blood mononuclear cells (PBMCs)
were collected from EBV− and EBV+ healthy females as well as
female donors with RRMS, all of whom were EBV+, and the ABC
proportion and phenotype were examined by flow cytometry. The
people diagnosed with RRMS were not exposed to immunomodu-
latory treatments and had disease durations ranging from 4 months
to 7 years (Table 1). Median ages between groups were comparable:

Table 1. Donor disease characteristics and serology. HD, healthy donor; EDSS, Expanded Disability Status Scale; VCA, viral capsid antigen; EBNA-1, Epstein-Barr
nuclear antigen 1.

Donor
ID

Age at
donation (years)

Age (years) at MS
symptom onset

EDSS score at time of
donation

Disease duration at time
of donation

EBV serostatus CMV
serostatus

MS-01 25 23 2.0 2 years 8 months VCA+ EBNA-1+ −

MS-02 24 24 2.5 4 months VCA+EBNA-1+ +

MS-03 31 31 2.5 6 months VCA+ EBNA-1− +

MS-04 32 26 2.0 5 years VCA+ EBNA-1+ −

MS-05 39 31 2.0 7 years VCA+ EBNA-1+ −

HD-01 25 N/A N/A N/A VCA− EBNA-1− −

HD-02 26 N/A N/A N/A VCA− EBNA-1− −

HD-03 18 N/A N/A N/A VCA− EBNA-1− +

HD-04 39 N/A N/A N/A VCA+ EBNA-1+ −

HD-05 23 N/A N/A N/A VCA+ EBNA-1+ +

HD-06 25 N/A N/A N/A VCA+ EBNA-1− +

HD-07 28 N/A N/A N/A VCA+ EBNA-1+ −
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EBV− healthy donors (25 years ± 4.4), EBV+ healthy donors (26.5
years ± 7.1), and EBV+ people with RRMS (31 years ± 6.1; Table 1).
Nearly 100% of MS patients are EBV seropositive (29, 30, 34), pre-
cluding analysis of EBV-seronegative MS donors.

For this study, human ABCs were defined as CD19+CD20+-
CD11c+CD21− (Fig. 5A). Gene analysis has shown that
CD19+CD21− B cells display high levels of CD11c and express T-
bet (7, 56). Furthermore, CD11c and CD21 have been used by other

groups to define ABCs in people (3, 6). Only extracellular staining
was performed to preserve cell numbers due to the low abundance
of ABCs in blood.

We found that people with RRMS have increased proportions of
circulating ABCs compared to EBV-seronegative healthy people
(Fig. 5B). EBV-seropositive healthy individuals show a nonsignifi-
cant trend toward increased ABC proportions compared to EBV-se-
ronegative healthy people but reduced compared to RRMS
(Fig. 5B). Among the donor groups, we do not observe differences
in the proportion of total circulating B cells (fig. S7A). These find-
ings indicate that both EBV infection and RRMS expand the pro-
portion of circulating ABCs without significantly altering total B
cell frequency. In addition to changes to ABC proportions, we
also observe differences in ABC phenotype between groups.

Our preliminary analysis focused on the proportion of ABCs ex-
pressing Fas, PD1, and CD27. ABCs have previously been shown to
express substantially more Fas than non-ABC B cells (3, 56), and
ABCs in people with common variable immune deficiency
express more Fas than those in healthy donors (9). Another inhib-
itory receptor, PD1, has also been shown to be up-regulated on
ABCs compared to other B cell subsets in both healthy individuals
and those with SLE (10, 17). The role of CD27, a marker of memory
in human B cells, on ABCs is not well understood—ABCs have been
reported to express high CD27 (3), although some groups define
ABCs as CD27 negative (17, 56). It is not known how infection
versus autoimmunity affects the expression of Fas, PD1, and
CD27 on ABCs. We observed that slightly over half of ABCs
express Fas, and EBV infection led to a nonsignificant increase in
the proportion of ABCs positive for Fas compared to EBV-seroneg-
ative healthy individuals (Fig. 5C). Among people who are EBV se-
ropositive, RRMS led to a significant decrease in the proportion of
ABCs expressing Fas compared to healthy donors (Fig. 5C). In con-
trast to previous reports (10, 17), we found that a low proportion of
ABCs express PD1 and the proportion of ABCs that express PD1 is
not different across EBV-seronegative or EBV-seropositive healthy
individuals or people with RRMS (Fig. 5D) Last, just under half of
ABCs express CD27, and EBV and MS status did not affect the pro-
portion of ABCs that express CD27 (Fig. 5E). Furthermore, we ob-
served that cytomegalovirus (CMV) serostatus did not significantly
correlate with the ABC phenotype in healthy individuals, nor those
with RRMS (fig. S7), similar to a recent study in patients by Ascher-
io’s research group (34), further indicating that CMV, another her-
pesvirus, may be less influential on this B cell population compared
to EBV.

DISCUSSION
Here, we have shown that the ABC population is differentially af-
fected by viral infection and autoimmunity, in both mice and
humans. We sought to directly compare the ABC population in
these two contexts and examine ABCs under conditions of com-
bined latent viral infection and autoimmunity, as it relates to EBV
infection in MS patients. In addition, we examined the functional
contributions of ABCs, including cytokine and antibody produc-
tion and influence on T cells, and identified them as a mediator
between latent gammaherpesvirus infection and CNS autoimmune
disease.

γHV68 infection and EAE induction each elicit divergent ABC
cytokine profiles and phenotypes, with infection resulting in a TH1-

Fig. 5. The peripheral ABC phenotype is affected by EBV infection and MS
status. PBMCs were collected from three EBV-seronegative healthy females
(EBV− HD, black circles), four EBV-seropositive healthy females (EBV+ HD, green tri-
angles), and five females with RRMS that are all EBV seropositive (EBV+ MS, orange
diamonds). PBMCs were processed for flow cytometry immediately following iso-
lation. (A) Representative gating strategy for ABCs (CD19+CD20+CD11c+CD21−)
from human PBMCs. (B) Proportion of ABCs (CD11c+CD21−) among previously ac-
tivated B cells (CD19+CD20+IgD−). (C to E) Representative samples and percent of
ABCs (CD19+CD20+CD11c+CD21−) positive for (C) Fas, (D) PD1, and (E) CD27. Data
for CD27- and PD1-stained samples are fewer (n = 2 to 4 donors per group) due to
later addition of these markers following initial findings. Data are presented as
means ± SEM, analyzed by one-way ANOVA with multiple comparisons;
**P < 0.01 and *P < 0.05.
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like profile, while EAE induction results in a more regulatory phe-
notype with increased inhibitory receptor and IL-10 expression.
One factor that might contribute to the observed differences is
the use of adjuvant in the EAE induction regime, which likely
results in the interaction of emerging ABCs with cognate T cells,
potentially skewing the phenotype and functionality of newly
formed ABCs. The impact of adjuvant on the development of
ABCs, and the context in which ABCs likely develop during auto-
immunity, deserves further investigation. In addition to phenotypic
and cytokine differences, we have shown that ABCs produce anti-
viral antibodies but we do not observe differences in MOG-specific
titers between mice with and without ABCs, and a lack of ABCs
does not affect MOG-specific T cells, although non–MOG-specific
T cells are skewed. These results demonstrate the divergent impact
by ABCs depending on context. In addition, we found that ABCs in
γHV68-EAE mice take on a phenotype with characteristics of both
the viral infection and disease, demonstrating that ABCs are a het-
erogeneous population, particularly when challenged by multiple
antigens. These findings have implications for studying the
human ABC population that is undoubtedly affected by an array
of pathogens and contexts.

Further highlighting the heterogeneity of ABCs, it appears that
ABCs contribute differentially to autoimmunity depending on the
model, as we observed that ABCs contribute to EAE in a protective
manner, as knocking them out results in an exacerbation of disease,
while in a model of SLE ABCs appear to be contributing pathogeni-
cally (14). Functional differences in ABCs between models are also
observed. In SLE, knocking out ABCs results in a significant de-
crease in anti-chromatin IgG2a/c titers and dampening of kidney
damage and mortality (14). Alternatively, we do not observe differ-
ences in anti-MOG IgG2c antibody titers in the absence of ABCs.
The mechanisms by which ABCs protect from severe EAE disease is
not clear, although IL-10 production by B cells is known to contrib-
ute to EAE severity (57), and our results show elevated IL-10 expres-
sion on ABCs compared to non-ABCs, and its expression is
particularly increased on ABCs during EAE. Critical to understand-
ing the discrepancy in ABCs functioning protectively versus patho-
genically in different models of autoimmune disease is further
determining the mechanisms through which ABCs are affecting
disease. We have previously reported that ABCs are required for
γHV68 exacerbation of collagen-induced arthritis (58). The
finding that ABCs are required for the γHV68 exacerbation of
both collagen-induced arthritis (CIA) and EAE brings up the ques-
tion of whether ABCs are a conserved mechanism by which gam-
maherpesvirus infection contributes to both RA and MS.

We observed that the ABC phenotype is differentially affected by
viral infection and autoimmunity, although the phenotype observed
in mice and humans does not exactly align. For instance, we observe
that the proportion of ABCs that express Fas is decreased in people
with RRMS compared to healthy EBV-positive donors, while in
mice we observe an increase in γHV68-EAE compared with
γHV68. This disconnect between the mouse and human ABC phe-
notype may be due to intrinsic differences between the immune
systems in mice and humans or the lack of previous antigen expo-
sure in the mice. In addition, it must be considered whether circu-
lating ABCs are representative of those in the human spleen. We
and others observed that ABCs are predominantly spleen-resident
in mice (18), and further investigation should examine ABCs in the

spleen versus circulation, especially as ABCs in people are primarily
examined in blood.

A surprising finding of this study was the female sex bias of
ABCs in the spleens of mice infected with γHV68 and/or induced
for EAE. This finding is relevant to the question of whether ABCs
play a role in the sex bias observed in various autoimmune diseases,
including MS and SLE, as has previously been suggested (59).
MOG35–55 EAE does not display a sex bias in C57BL/6 mice (50,
51), so whether and how the increased numbers of ABCs in
female EAE mice affect disease in this model remains unknown.

Here, we have demonstrated that ABCs are required for the
γHV68 exacerbation of EAE. In the absence of ABCs, the height-
ened clinical course observed in Ctrl γHV68 EAE mice is not ob-
served. Our results demonstrate that ABCs play a pivotal role in
controlling the peripheral T cell response, as the γHV68-induced
TH1 skewing during EAE is not observed in the absence of ABCs.
However, the alterations to peripheral T cells between Ctrl and KO
mice are not observed in the CNS during γHV68 EAE, and the local
factors by which ABCs might influence disease within the CNS
remain unclear. The increased γHV68 quantity in KO mice might
indicate viral reactivation. Whether the virus is reactivating, and, if
so, whether the presence of the lytic virus is modulating disease, de-
serves further examination. Recently, there has been increasing ev-
idence for a role for antibodies that cross-react between EBV latency
proteins and myelin proteins (60, 61). In people, ABCs specific to
EBV proteins could potentially cross-react with myelin proteins;
ABCs persist long-term and undergo less somatic hypermutation
than long-lived plasma cells (20, 62), and thus could be more
likely to react to multiple structurally similar antigens.

Our work, and that of others, demonstrates that ABCs are stim-
ulated by an array of immune challenges, including viral infections,
vaccinations, and autoimmunity (2, 6, 13, 17, 18, 21–23, 52, 53, 63,
64). ABCs likely comprise several subsets that differ in terms of
functional capacity, depending on the circumstances of the individ-
ual. In the future, it will be important to determine disease-associ-
ated subsets; a portion of ABCs could contribute to disease, and
others may act in a regulatory/protective manner. An outstanding
question is whether the ABC population is effectively depleted by
disease-modifying therapies that remove some but not all B cells,
such as rituximab, and whether the ABC population is affected by
other immunomodulatory treatments. Depletion or modulation of
ABCs might be a viable therapeutic opportunity to improve disease
outcomes.

In summary, we have shown that (i) ABCs expand in the spleen
in a sex-biased manner during γHV68 infection and EAE; (ii) ABCs
display distinct phenotypes and functional capacities during γHV68
infection and EAE; (iii) knocking out ABCs results in exacerbation
of EAE disease but, conversely, the loss of γHV68-mediated exacer-
bation of EAE; and (iv) EBV status and MS diagnosis affect the pro-
portion of circulating ABCs and their phenotype in people. We
hope that these findings can contribute to a better understanding
of the ABC population and the relationship between EBV infection
and MS.

MATERIALS AND METHODS
Mice
C57BL/6(J) mice were purchased from the Jackson Laboratory.
Tbx21fl/flCd19cre/+ mice were generated by crossing Tbx21fl/
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flCd19cre/+ and Tbx21fl/flCd19+/+ mice with Tbx21fl/fl and Cd19cre/+
mice provided by P. Marrack (14). All animals were bred and main-
tained in a specific pathogen–free animal facility at the University of
British Columbia. Mice were housed in individually ventilated cages
in groups of up to five animals per cage on corn cob bedding (Bed-
o’Cobs, The Andersons) with unrestricted access to food (PicoLab
Rodent Diet 20, #5053) and water on a 14.5- to 9.5-hour light-dark
cycle. All animal work was approved by the Canadian Council for
Animal Care (protocols A17-0105 and A17-0184) and performed
in accordance with relevant guidelines and regulations, following
recommendations in the ARRIVE guidelines.

γHV68 infection
γHV68 [WUMS strain, purchased from the American Type Culture
Collection (ATCC) VR-1465] was propagated on baby hamster
kidney (BHK-21, ATCC CCL-10) cells and quantified by plaque
assay. Mice were infected with γHV68 or mock-infected with
minimum essential medium (MEM; Gibco). For infection, virus
was diluted in MEM and maintained sterile and on ice until infec-
tion. Six- to 10-week-old mice were intraperitoneally infected with
104 plaque-forming units of γHV68. No clinical symptoms were ob-
served from viral infection.

Induction and evaluation of EAE
EAE was induced 35 days after γHV68 infection by injecting 100 μl
of emulsified Complete Freund’s Adjuvant (DIFCO) containing
200 μg of MOG35–55 (GenScript) and 400 μg of desiccatedMycobac-
terium tuberculosis H37ra (DIFCO) subcutaneously. Mice also re-
ceived two doses of 200 ng of pertussis toxin (List Biologicals)
intraperitoneally at the time of immunization and 48 hours after in-
duction. Mice were assessed daily (blinded) on a scale from 0 to 5: 0,
no clinical symptoms; 0.5, partially limp tail; 1, paralyzed tail; 2, loss
of coordination; 2.5, one hindlimb paralyzed; 3, both hindlimbs
paralyzed; 3.5, both hindlimbs paralyzed accompanied by weakness
in the forelimbs; 4, forelimbs paralyzed (humane end point); 5,
moribund or dead. Onset is defined as two consecutive days of a
score of 0.5 or above. Supportive care provided included adminis-
tration of subcutaneous fluids and provision of nutritional gel.

Tissue collection and processing
Mice were euthanized by cardiac puncture while anesthetized with
isoflurane and immediately perfused with 20 cm3 of phosphate-
buffered saline (PBS) to allow for brain and spinal cord harvesting
without blood contamination. Spleen, brain, spinal cord, and CLNs
were extracted, placed into PBS, and temporarily kept on ice until
processing. Spleens, spinal cords, and CLNs were mashed through a
70-μm cell strainer, and a single-cell suspension was prepared for
each sample. Brains were mashed through a 70-μm cell strainer
twice, and a single-cell suspension was prepared for each sample.
Splenocytes were incubated in ammonium-chloride-potassium
(ACK) lysing buffer for 10 min on ice to lyse red blood cells, and
the remaining cells were kept on ice until further use. Immune
cells were isolated from brains and spinal cords using a 30%
Percoll gradient (GE Healthcare) and were resuspended in flow cy-
tometry staining buffer [fluorescence-activated cell sorting (FACS)
buffer, PBS with 2% newborn calf serum; Sigma-Aldrich] until
staining.

Flow cytometric analysis of cell type–specific surface
antigens and intracellular cytokines
To evaluate cytokine production by various cell types, 4 million
splenocytes were stimulated ex vivo for 3 hours at 5% CO2 at
37°C in MEM (Gibco) containing 10% fetal bovine serum (FBS;
Sigma-Aldrich), GolgiPlug (1 μl/ml; BD Biosciences), PMA (10
ng/ml; Sigma-Aldrich), and ionomycin (500 ng/ml; Thermo
Fisher Scientific). Alternatively, cells were stimulated ex vivo for 5
hours at 5% CO2 at 37°C in MEM containing 10% FBS, with
MOG35–55 (50 μg/ml) and GolgiPlug (1 μl/ml). Stimulated cells
were then washed before staining. For each spleen sample, 4
million cells were stained in two wells of a 96-well plate, with 2
million cells per well. All collected brain and spinal cord cells
were resuspended in FACS buffer and stained in a single well.
Blood donor PBMC samples were stained at 1 million cells per
well using the following method without ex vivo stimulation.
Before staining, samples were incubated for 30 min at 4°C with
Fixable Viability Dye eFluor506 (2 μl/ml; Thermo Fisher Scientific)
while in PBS. Cells were then incubated with a rat anti-mouse
CD16/32 (Fc Block, BD Biosciences) antibody or Human BD Fc
Block (BD Biosciences) for 10 min at room temperature (RT). For
tetramer staining, cells were incubated in phycoerythrin (PE)–con-
jugatedMOG:I-Ab (6.5 μg/ml; MOG38–49: GWYRSPFSRVVH, NIH
Tetramer Core Facility) covered for 1 hour at RT. Fluorochrome-
labeled antibodies against cell surface antigens were then added to
the cells for 30 min covered from light at 4°C. After washing, cells
were resuspended in Fix/Perm buffer (Thermo Fisher Scientific) for
30 min to 12 hours covered from light at 4°C, washed twice with
Perm buffer, and incubated for 40 min with antibodies against in-
tracellular antigens in Perm buffer. Cells were then washed and re-
suspended in FACS buffer with 2 mM EDTA. Cells were stained
with antibodies from Thermo Fisher Scientific, BioLegend, and
BD Biosciences (Table 2). Samples were collected on Attune NxT
Flow Cytometer (Thermo Fisher Scientific) or CytoFLEX LX N3-
V5-B3-Y5-R3-I0 (BD Biosciences) and analyzed with FlowJo soft-
ware version 10 (FlowJo LLC). Full-minus-one controls were used
for gating.

Anti-MOG35–55 and anti-γHV68 antibody ELISA
Serum was collected via cardiac puncture and maintained at RT to
allow clotting. The sera were isolated by centrifugation at 2000g for
10 min, aliquoted, and stored for up to 6 months at −80°C before
running the enzyme-linked immunosorbent assay (ELISA). Serum
anti-MOG35–55 and anti-γHV68 antibodies were quantified by stan-
dard indirect ELISA. Briefly, ELISA plates (NUNC, Thermo Fisher
Scientific) were coated with antigen resuspended in coating buffer
[0.05 M carbonate buffer (pH 9.6)] overnight at 4°C. For MOG
ELISA, plates were coated with 1 μg of MOG35–55 resuspended in
coating buffer. For γHV68 ELISA, γHV68 virions were inactivated
in 4% paraformaldehyde (PFA) for 20 min at RT. Then, plates were
coated with γHV68 (5 μg/ml) in coating buffer with 1% PFA. The
following day, plates were washed 4× with wash buffer (PBS and
0.05% Tween 20), blocked with 5% newborn calf serum (Sigma-
Aldrich) for 1 hour at 37°C, incubated with serial dilutions
(MOG: 1:50 to 1:3200; γHV68: 1:20 to 1:2560) of test sera diluted
in blocking buffer for 2 hours at 37°C, and washed 4× with wash
buffer. Bound antibody was incubated with horseradish peroxidase
(HRP)–conjugated goat anti-mouse IgG2c (Thermo Fisher Scien-
tific) diluted 1:500 in blocking buffer, for 1 hour at 37°C, washed
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4× with wash buffer, and detected by trimethylboron (TMB) sub-
strate addition (BD Biosciences). The plates were read at 450 nm on
VarioSkan Plate Reader (Thermo Fisher Scientific) within 10min of
adding stop solution.

Donor recruitment and enrolment
Five individuals with relapsing MS were recruited at the Burnaby
Hospital MS Clinic (Fraser Health) under the supervision of
G. Vorobeychik. Seven unaffected donors were recruited at the
Life Sciences Center (University of British Columbia). All donors
were female, were 19 to 39 years of age (mean age, 28 ± 6.4
years), and provided written informed consent before enrolment
in the study. Donors with a definite RRMS diagnosis, according
to Poser or 2010 McDonald criteria, and disease duration of less

than 10 years, were confirmed as treatment naïve before donation
(no previous use of any disease-modifying therapies during life-
time). MS donors underwent a neurological exam the day of
blood donation to assess Expanded Disability Status Scale (EDSS).
Individuals with a progressive MS diagnosis or EDSS >4, who were
male, pregnant, outside the designated age range, or undergoing
treatment, were excluded from the present study.

Donor blood collection and processing
Blood samples were obtained by venipuncture and assigned an al-
phanumeric identifier. Whole blood was processed for PBMC iso-
lation by Lymphoprep (StemCell) gradient separation, according to
the manufacturer’s instructions, within an hour of collection in K2-
EDTA–coated vacutainer tubes (BD Biosciences). Freshly isolated

Table 2. Flow cytometry antibodies.

Antigen Fluorophore Clone Company

Anti-mouse antibodies

CD19 PE or FITC ID3 Thermo Fisher Scientific

CD11c APC N418 BioLegend

CD11c Alexa Fluor 700 N418 Thermo Fisher Scientific

T-bet PerCpCy5.5 or PE 4B10 Thermo Fisher Scientific

IgD PE-Cy7 11-26c Thermo Fisher Scientific

IFNγ APC XMG1.2 Thermo Fisher Scientific

TNFα PE-Cy7 MP6-Xt22 BioLegend

IL-10 Pacific Blue JES5-16E3 BioLegend

IL-17A PE-Dazzle594 TCII-
18H10.1

BioLegend

CTLA4 PE-Dazzle594 UC10-4B9 BioLegend

PDL1 SB436 MIH5 Thermo Fisher Scientific

PD1 SB436 J43 Thermo Fisher Scientific

IDO PerCpeFluor 710 mIDO-48 Thermo Fisher Scientific

Fas FITC SA367H8 BioLegend

CD27 PE-Cy7 LG.7F9 BioLegend

CD45 PerCpCy5.5 30-F11 Thermo Fisher Scientific

CD4 Alexa Fluor 700 RM4-5 Thermo Fisher Scientific

CD8 APC-eFluor 780 53-6.7 Thermo Fisher Scientific

FoxP3 FITC FJK-16S Thermo Fisher Scientific

CD3e eFluor 450 500A2 Thermo Fisher Scientific

IL-6 eFluor 450 MP5-20F3 Thermo Fisher Scientific

GM-CSF PE-Cy7 MP1-22E9 Thermo Fisher Scientific

BAFF Biotin IC9 Enzo

Anti-human
antibodies

CD19 APC-eFluor 780 HIB19 Thermo Fisher Scientific

IgD FITC IA6-2 BD Biosciences

CD11c Alexa Fluor 700 B-ly6 BD Biosciences

CD21 PerCpCy5.5 Bu32 BioLegend

CD20 Pacific Blue 2H7 BioLegend

CD27 PE-Cy7 LG.3A1 BioLegend

Fas PE Texas Red DX2 BD Biosciences

PD1 PE MIH4 Thermo Fisher Scientific
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PBMCs were counted and stained for flow cytometric analysis (no
previous freezing or other preservation steps used). Serum was ob-
tained by centrifugation of untreated blood samples and frozen at
−80°C for subsequent analysis.

Donor serology
Endogenous antibodies to EBV and CMV were detected using
ELISAs to determine donor history of infection. Nunc Maxisorp
96-well microtiter ELISA plates (Thermo Fisher Scientific) were
coated overnight at 4°C with 1 μg per well of the peptide of interest
(Table 3) in carbonate buffer. For EBV EBNA-1 and CMV, epitope
peptides 1 and 2 were mixed together before well coating. The fol-
lowing day, the plates were washed with PBS and wash buffer
(PBS + 0.05% Tween 20), followed by a 2-hour blocking step at
RT using wash buffer + 3% bovine serum albumin. Plates were
washed again and then incubated with serum samples diluted in
blocking buffer. Serum diluted 1:1000 was used to determine sero-
positivity to EBV and CMV antigens. After a 2-hour RT incubation
with serum, the plates were washed and then incubated with HRP-
labeled goat anti-human IgG antibody (Thermo Fisher Scientific)
diluted 1:3000 in blocking buffer or HRP-labeled goat anti-
human IgM (Thermo Fisher Scientific) diluted 1:4000 at 37°C for
1 hour. The plates were then washed with PBS before the addition of
TMB substrate (100 μl per well; BD Biosciences). Fifteen minutes
after the addition of substrate, 100 μl of stop solution (2 M sulfuric
acid) was added to each well. The plates were read at 450 nm on
VarioSkan Plate Reader (Thermo Fisher Scientific) within 10 min
of adding stop solution.

Statistical analysis
Data and statistical analyses were performed using GraphPad Prism
software 8.4.2 (GraphPad Software Inc.). Results are presented as
means ± SEM or means ± SD. Number of mice per group (n), stat-
istical significance (P value), and the number of experimental rep-
licates are indicated in the figure legends. For comparison of two
groups, a Mann-Whitney test was used. Comparison of three or
more groups was done by one-way analysis of variance
(ANOVA), with data that were not normally distributed analyzed
by Kruskal-Wallis one-way ANOVA. Correlation between clinical
score and number of ABCs was determined by simple linear regres-
sion. For group comparisons with two variables, such as ELISA ab-
sorbance values and serum dilutions, an ordinary two-way ANOVA
was used.Whenmore than two groups were present, such as clinical
EAE scores over time, a two-way ANOVA with Tukey’s multiple

comparisons test was used, and the main column effect was report-
ed. Data points were omitted from data analysis due to attrition. P
values are indicated by asterisks as follows: ****P < 0.0001,
***P < 0.001, **P < 0.01, and *P < 0.05.

Study approval
Animal work was approved by the Animal Care Committee of the
University of British Columbia (protocols A17-0105 and A17-
0184). The human blood donation protocol (H16-02338) was ap-
proved by the University of British Columbia Clinical Research
Ethics Board and by the Fraser Health Authority.
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Tables S1 and S2
Figs. S1 to S7

View/request a protocol for this paper from Bio-protocol.
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